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Selective particle ingestion by a filter-feeding fish and
its impact on phytoplankton community structure!
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Frank deNoyelles, Jr., and Dean Kettle
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Abstract

The ingestion rates of filter-feeding gizzard shad for different sizes of suspended particles were
measured using mixtures of microspheres and zooplankton. Ingestion rate increases as a function
of particle size, leveling off at 60 um. The particle-size-dependent ingestion rates were consistent
with a model of filtering efficiency based on the cumulative frequency of interraker distances of

gizzard shad gill rakers.

Comparison of ponds containing gizzard shad with control ponds without fish showed that
gizzard shad suppressed Ceratium, the only phytoplankton species large enough to be ingested at
a maximum rate. Gizzard shad did not have a significant effect on populations of Synedra, Peri-
dinium, Navicula, Kirchneriella, Cyclotella, and Chlamydomonas. Populations of Ankistrodesmus,
Cryptomonas, Cosmarium, Rhodomonas, and algae and bacteria from 2-4 um were enhanced by

gizzard shad.

Most studies of grazer impact on fresh-
water phytoplankton communities have fo-
cused on zooplankton. Herbivorous zoo-
plankton usually feed on nannoplankton
<50 pum in diameter (Porter 1977; Briand
and McCauley 1978; Geller and Miiller
1981). Because of their unavailability to
zooplankton, some limnologists have as-
sumed that net phytoplankton are dead ends
in the planktonic food webs of temperate
zone lakes (Porter 1977). This food web
concept ignores field studies showing that
several species of North American fish con-
sume filamentous and colonial algae (Mur-
phy 1950; Kutkuhn 1957; Starostka and
Applegate 1970; Baker and Schmitz 1971;
Gunn et al. 1977). We present evidence here
of selective ingestion of net phytoplankton
by a freshwater fish, the gizzard shad (Dor-
osoma cepedianumy), The gizzard shad and
threadfin shad (D. petenense) often domi-
nate the standing crops of fish in central U.S.
reservoirs (Jenkins 1967). Gizzard shad
>2.5 cm standard length (SL) feed on de-
tritus, phytoplankton, and zooplankton
(Drenner et al. 1982a). These omnivorous
fish are pump filter feeders, capturing food

! This study was supported by the Texas Christian
University Research Foundation.

with a series of suctions not visually di-
rected at individual particles (Drenner et al.
1982b).

We hypothesized that the gizzard shad’s
selective grazing on phytoplankton is de-
termined by the filtering efficiency of its gill
rakers, simple comblike structures (Fig. 1)
free of the large accessory teeth found be-
tween the rakers in some fishes (Fryer and
Iles 1972; Iwata 1976; Starostka and Ap-
plegate 1970; Blaber 1979). Fish gill rakers
are thought to function as mechanical filters
(Durbin and Durbin 1975; Rosen and Hales
1981). We developed a model of filtering
efficiency as a cumulative frequency of in-
terraker distances (Boyd 1976; Nival and
Nival 1976) and used the model to predict
gizzard shad feeding rates on different sizes
of microspheres and zooplankton. We de-
termined the impact of gizzard shad grazing
on phytoplankton community structure
from changes in the plankton of experi-
mental ponds after introduction of the fish.

We thank R. Moss and G. Vinyard for
field assistance, S. Threlkeld for reviewing
the manuscript, G. Bridges, R. Brun, and J.
Martin for assistance with the electron mi-
croscopy, and H. Volohonsky for advice.
The Environmental Protection Agency pro-
vided use of a mobile research laboratory,
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Fig. 1.

Scanning electron photomicrograph: of the
anterior surfaces of the gill rakers on the first gill arch
of a 15.2-cm-SL gizzard shad. Bar—1 mm.

the University of Oklahoma Biological Sta-
tion use of laboratory facilities, and the Uni-
versity of Kansas Nelson Environmental
Study Area use of the experimental pond.

Methods

We determined the cumulative frequen-
cies of interraker distances of five Formalin-
preserved gizzard shad ranging from 13.6—
to 16.3-cm SL. After dissecting all the gill
arches from one of the opercular cavities of
a fish, the rows of rakers were stripped from
the gill arches, placed in water droplets on
microscope slides, and interraker distances
measured with a Wild inverted microscope.

We assumed that the relative contribu-
tion of an interraker space to the filtering
efficiency of an individual shad is propor-
tional to the length of the gill rakers bor-
dering the space. Long gill rakers and the
spaces between them present a larger filter-
ing surface area than shorter gill rakers. To
weight the interraker spaces for gill raker
length, the gill raker surfaces were treated
as a series of trapezoidal areas with bases
of 1,490 um and sides equal to the lengths
of the bordering gill rakers. We determined
arepresentative interraker distance for each
trapezoidal area as the mean of three inter-
raker spaces in the center of the trapezoid
and computed the cumulative frequency
distribution of interraker distances, weight-
ing each distance by its trapezoid area rel-
ative to the total filtering surface area.

We tested our model by predicting the
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feeding rates of gizzard shad feeding in an
80-liter pool. Two gizzard shad, 13.6- and
16.3-cm SL, were used in each of four feed-
ing trials. They were fed a mixture of mi-
crospheres (Ionics, Inc., Watertown, Mass.),
copepod nauplii, and the rotifer Keratella
sp. which gizzard shad can capture with an
efficiency approaching 100% (Drenner et al.
1982a). Microsphere diameters ranged from
10 to 80 um. Mean copepod nauplius body
length was 185.5 um (SD = 38.0) and width
was 95.4 um (SD = 25.5). Mean Keratella
body length (including spines) and width
were 118.0 um (SD = 29.0) and 78 um
(SD = 23.5). An equal weight of 0.0025 g
of each of six microsphere size classes was
used in an experiment. Initial numbers per
liter were: 10-20-um spheres (27,645), 20—
30-um (16,050), 30-40-um (2,330), 40-50-
um (708), 50-60-um (637), 70-80-um (210),
nauplii (504), and Keratella (725). We as-
sumed that three airstones, stirring every 10
min, and the swimming movements of the
fish kept the particles in the pool well mixed.
Fishless control pools with zooplankton and
microspheres allowed us to account for mi-
crosphere loss due to zooplankton grazing.

To test our model, we compared declines
in microsphere and zooplankton densities
predicted by the model with observed
changes. We measured the decrease in den-
sity with two replicate samples taken at 0
and 1.0 h. A rubber stopper was randomly
placed on the pool floor and a tube of 6.9-
cm i.d. quickly lowered onto the stopper.
The plugged tube was removed, the volume
of water measured, and the contents pre-
served in Formalin. Microspheres and zoo-
plankton were counted and measured with
a Wild inverted compound and Nikon ste-
reomicroscope.

To compute the predicted changes in par-
ticle densities we used the equation:

N, = Nyexp(—K¥)

where N, is the number of particles at a time
t, N, is the number of particles at time O, ¢
is the duration of the experiments (hours),
and X is the coefficient of grazing. N, was
corrected for the slight loss of microspheres
in the controls. K is computed as

K= V,FV,"1
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where Vis the total volume inhaled by the
two fish during time ¢, F is the filtering ef-
ficiency, and V), is the pool volume (80 li-
ters). The total volume inhaled by each fish
was computed with the equation

FR = 0.00324SL.>%8

where FR is filtering rate (liters-min~')
(Drenner et al. 198250). Because the cumu-
lative frequency distribution of interraker
distances acts as a probability function for
retention efficiency, we computed the filter-
ing efficiency, F, for various particle sizes
as the mean cumulative frequency of inter-
raker distance of the five gizzard shad ex-
amined.

We studied the impact of the selective
grazing of gizzard shad on a natural phy-
toplankton community in a field experi-
ment using a pond divided by concrete
partitions into four 0.006-ha, 61-m?* mud-
bottomed quadrants. Gizzard shad from 8-
to 20-cm SL were electrofished from Lone
Star Lake, Douglas County, Kansas, and
stocked into two of the quadrants at den-
sities of 233 and 257 kg-ha~! on 25 June
1978 (see Drenner et al. 1982a). Phyto-
plankton samples were collected with a col-
umn sampler (deNoyelles and O’Brien
1978). On each sampling date, two column
samples were taken in each quadrant, mixed
together, and a 125-ml subsample was pre-
served with Lugol’s iodine. Phytoplankton
samples were concentrated for 4 days in set-
tling chambers 12.5 mm in diameter and
counted with a Wild inverted microscope
with detection limits of 2-10 organisms-
ml~'. Organisms <2 um were not counted.
Treatment effects from 29 June to the end
of the experiment were analyzed with a split-
plot analysis of variance (ANOVA for re-
peated measures) (Winer 1971; Gill 1978).
Because the original analysis of shad effects
on zooplankton (Drenner et al. 1982a) was
statistically invalid, we also reanalyzed the
zooplankton data with a split-plot ANOVA.,

Results

Interraker spaces ranged from 1 to 85 um.
The frequencies of interraker distances for
the five fish examined were not significantly
different according to pairwise compari-

100 7
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Fig. 2. Cumulative size-frequency distributions of
interraker distances of gizzard shad. Numbers are fish
standard lengths (cm).

sions for all possible pairs of distributions
(Mann-Whitney U-test, P < 0.05; Sokal and
Rohlf 1969). Filtering probabilities were
computed as a mean of the cumulative fre-
quencies of the interraker distances (Fig. 2).

The proportion of particles removed by
fish increased as a function of particle size,
leveling off at about 60 um (Fig. 3). The
predicted and observed changes in particle
densities were closely correlated (Pearson
product-moment correlation; N =15, r=
0.96, P < 0.01; Sokal and Rohlf 1969).

The temperatures, turbidities (Fig. 4A),
algal biomass (Fig. 4B), and phytoplankton
densities (Fig. 5) of the fish and control ponds
were similar at the beginning of the exper-
iment. Temperature did not differ between
the four ponds and ranged from 24° to 32°C.
The fish ponds were more turbid than the
controls from 29 June through 28 Septem-
ber (P = 0.06, df = 1,2). Fish may have in-
creased turbidity by suspending sediments
or by changing the algal community. We
estimated algal biomass by computing cell
volumes for each genus using mean cell di-
mensions given in Fig. 5. Although algal
biomass was not significantly different in
the fish and control ponds (P =0.13, df =
1,2) (Fig. 4B), it did tend to be lower in the
fish ponds, suggesting that fish suspension
of sediments may have caused the turbidity
increase.



944 Drenner et al.
80
o 607
o
>
e)
E —
o
[+ o
< 401
o
2
o -
a
2o —eo— Observed
..... »--- Predicted
T T T fl; i ’lrL 1
05 50 75 120 180

Particle Size (um)

Fig. 3. Observed removal rates of microspheres and zooplankton by filter-feeding gizzard shad compared
with removal rates predicted by filtering-rate and filtering-efficiency functions. Bars—standard errors of observed

removal rates (n = 4).

Feeding by gizzard shad significantly re-
duced the population of Ceratium but had
no consistent effect on populations of Syn-
edra, Peridinium, Navicula, Kirchneriella,
Cyclotella, and Chlamydomonas (Fig. 5).
Results of the ANOVA suggest that popu-
lations of Ankistrodesmus, Cryptomonas,
Cosmarium, Rhodomonas, and 2—4-um al-
gae and bacteria were enhanced by the pres-
ence of fish.

Discussion

Evidence that fish can influence phyto-
plankton communities has come primarily
from studies of visual-feeding zooplanktiv-
orous fish and their indirect effect on phy-
toplankton communities. Visual-feeding fish
are size-selective predators, selectively

feeding on large zooplankton (Durbin 1979;
O’Brien 1979). The addition of size-selec-
tive fish predators to fishless communities
not only suppresses the larger zooplankton,
but alters nutrient levels and increases phy-
toplankton standing crops (Hurlbert et al.
1972; Shapiro et al. 1975; Andersson et al.
1978; Hurlbert and Mulla 1981; Lynch and
Shapiro 1981). While visual-feeding fish
such as the bluegill (Lepomis macrochirus)
may ingest filamentous algae, the algae
function only as a supplemental food source
during periods of low invertebrate prey
abundance (Kitchell and Windell 1970).
Filter-feeding fish have a different influ-
ence on plankton community structure than
visual feeders. Filter-feeding fish consume
both zooplankton and phytoplankton. Fil-
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Fig. 4. Changes in turbidity and algal biomass of
ponds containing gizzard shad and control ponds with-
out fish. Points—means of replicates ponds; bars —range
of observed turbidity or algal biomass.

ter feeders have highest feeding rates on or
passive-feeding selectivity for the most eas-
ily captured zooplankton prey (Drenner et
al. 1978, 1982a). According to our reanal-
ysis of the zooplankton data from the same
pond experiment presented here, filter-feed-
ing gizzard shad suppressed populations of
cyclopoid copepodids (P = 0.05), copepod
nauplii (P = 0.03), and Keratella (P = 0.04),
did not affect Chaoborus (P = 0.28) and
Diaphanosoma (P = 0.32), and enhanced
Diaptomus (P = 0.04) (df = 1,2).

Drenner et al. (1982a) hypothesized that
filter-feeding gizzard shad would not en-
hance nannoplankton as did visual-feeding
fish because the increase in Diaptomus might
offset the suppression of other herbivorous
zooplankton, such as Keratella, resulting in
less change in zooplankton grazing pressure.
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Contrary to that hypothesis, the nanno-
plankton enhancement by shad approxi-
mates that observed for visual-feeding fish
(Hurlbertet al. 1972; Andersson et al. 1978;
Hurlbert and Mulla 1981; Lynch and Sha-
piro 1981). Factors which were not moni-
tored, such as pond nutrient levels, and shad
nutrient regeneration and digestive tract en-
hancement may have contributed to the
nannoplankton increase. Nutrient excretion
by fish may increase nutrient levels (e.g. Hall
et al. 1970; Lamarra 1975; but see Naka-
shima and Leggett 1980). Studies by Velas-
quez (1939) and Smith (1963) showed that
46 genera of algae survived passage through
the digestive tract of gizzard shad, including
Ankistrodesmus, Chlamydomonas, Cos-
marium, Kirchneriella, and Navicula.

There has been little experimental study
of the mechanisms controlling selective
grazing by filter-feeding fish. Durbin and
Durbin (1975) found that the feeding rate
of the marine planktivore, Brevoortia ty-
rannus, was a log function of plankton size.
They attributed the fish’s differential feed-
ing rates to the gill raker spacing but did not
test the hypothesis. Although our study sup-
ports the Durbin hypothesis that the filter-
ing process is mechanical, experiments in
which particle biomass and quality are var-
ied within particle size categories would be
necessary to test for behavioral modifica-
tion of filtering efficiency. Rosen and Hales
(1981) suggested that filter-feeding paddle-
fish (Polyodon spathula) can behaviorally
alter filtering efficiency.

The direct impact of gizzard shad grazing
on phytoplankton is determined by fish
feeding rates relative to algal growth rates.
Algal growth rates generally decrease with
increasing size (Banse 1976; Schlesinger et
al. 1981; Smith and Kalff 1982). Because
gizzard shad feeding rates are greatest for
the more slowly growing large algae, gizzard
shad would be most likely to directly sup-
press the larger algae. In our pond experi-
ment, gizzard shad suppressed only Cera-
tium, a large dinoflagellate with a relatively
slow growth rate (Sommer 1981). Ceratium
may also be vulnerable to gizzard shad graz-
ing pressure because it does not survive pas-
sage through shad digestive tracts (Smith
1963).



946 Drernner et al.

Ceratium Synedra Peridinium Ankistrodesmus
84 170x48x30 84 A 70 x1x1 44 20x24 164 20x1x1
/
P=.04 | /
64 't / 6- 3+ 121
E ’I \ /
a2 (N e
o * 4 / \// * 44 2 84
o |
!
/
2 ! 24 1 44
.anpc_,/_+
Navicula 301 Cryptomonas Cosmarium " 707 Kirchneriella
404 16x3x3 16x6x6 84 10x6x5 8x1.5x1.5

cells /mi

* Rhodomonas

Chlamydomonas Algae and
31 Bacteria
T2-4

104 6x4x4
E A
@
]
Q
e ———— T
Jul Aug Sep Jul Aug Sep Jul Aug Sep Jul Aug Sep

Fig. 5. Changes in densities of dominant phytoplankton in ponds containing gizzard shad (solid line) and
control ponds without fish (dashed line). Algal length, width, and thickness are shown below the genus. Points—
means of replicate ponds; bars—range of observed densities. Probabilities are from the split-plot ANOVA (df =

1,2).

piro et al. 1975). One proposal was the re-
duction of phytoplankton abundance
through enhancement of zooplankton graz-
ing brought about by reduction of popula-
tions of visual-feeding zooplanktivorous

Some limnologists have suggested that
more attention should be devoted to the
possibility of restructuring biological com-
munities as a direct approach to combating
eutrophication (Hurlbert et al. 1972; Sha-
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fish. Although this strategy may suppress
nannoplankton, it may not reduce some
types of net phytoplankton (Lynch 1980;
Lynch and Shapiro 1981) which can be sea-
sonally abundant in eutrophic lakes. Kut-
kuhn (1957) suggested that gizzard shad may
suppress irruptions of objectionable algae,
but the potential importance of native filter-
feeding fish as determinants of phytoplank-
ton community structure has generally been
overlooked. While our study shows that giz-
zard shad can suppress Ceratium, we need
more information about their impact on co-
lonial and filamentous blue-green algae to
evaluate their potential use for the bio-
manipulation of phytoplankton popula-
tions.
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